La 1.5 Sr 0.5 NiO 4 is well known to have a colossal dielectric constant (ε R > 10 7 ). The La 1.5 Sr 0.5 NiO 4 nanoparticle powder was prepared by a combinational method of solid state reaction and high-energy ball milling. Magnetic measurements show that the material has a very small magnetic moment and paramagnetic characteristic at room temperature. The mixture of the nanoparticle powder (40% vol.) and paraffin (60% vol.) coated in the form of flat layers of different thicknesses (t) exhibits strong microwave absorption resonances in the 4-18 GHz range. The reflection loss (RL) decreases with t and reaches down to -36.7 dB for t = 3.0 mm. The impedance matching (|Z| = Z 0 = 377 Ω), rather than the phase matching mechanism, is found responsible for the resonance observed in the samples with 1 < t ≤ 3.0 mm. Further increase of the thickness leads to |Z| > Z 0 at all frequencies and a reduced absorption. The influence of non-metal backing is also discussed. Our observation suggests that La 1.5 Sr 0.5 NiO 4 nanoparticles could be used as good fillers for high performance radar absorbing material.
INTRODUCTION
The continuing development and utilization of microwave applications today make electromagnetic interference a serious problem that needs to be solved. Although high conductivity metals are very effective for high frequency electromagnetic wave shielding, in many cases they are not suitable when weak or zero reflection is required (such as for radar stealth technology). While metals shield the object by reflecting the incident radiation away, microwave absorbing materials (MAM) are designed to absorb the radiation and therefore effectively reduce the reflection. Strong absorption and weak reflection will lead to a large negative value of reflection loss (RL) and are therefore identified as two strict requirements for high loss MAMs. Minimum RL values as low as down to less than −60 dB have been reported for some materials, most of them are ferri/ferro-magnetic based nanoparticles or composites, e.g. carbonyl iron/BaTiO 3 composite (RL = −64 dB) [1] , ZnO/carbonyl-iron composite (RL = −61 dB) [2] , La 0.6 Sr 0.4 MnO 3 / polyaniline composite (RL = −64.6 dB) [3] , etc, indicating the dominant role of magnetic losses over the others such as dielectric and conduction losses.
Dielectrics usually have small permeability and, visa versa, most magnetic materials have small permittivity. To maximize the absorption capability by combining dielectric and magnetic losses, and since zero reflection can be achieved in a MAM that has equal permittivity and permeability (ε R = µ R ) to satisfy the impedance matching condition Z = Z 0 (Z 0 is the impedance of the free space), much attention has been paid to multifer- roic and magneto-dielectric materials. La 1.5 Sr 0.5 NiO 4 is known as a dielectric compound that has a colossal dielectric constant of up to more than 10 7 at room temperature [4, 5] . While La 2 NiO 4 is an antiferromagnet, the substitution of Sr for La introduces holes into the system and suppresses the antiferromagnetic order [6, 7, 8] . Experimental magnetic data show that La 1.5 Sr 0.5 NiO 4 is a paramagnet at room temperature [7, 8, 9] , suggesting that the magnetic loss may be negligibly small. With such a large imbalance between permittivity and permeability, ε R ≫ µ R , and insignificant magnetic loss, the material is therefore not expected to have a low RL. In this letter, we show that La 1.5 Sr 0.5 NiO 4 in fact exhibits a strong microwave absorption capability at the resonant frequencies; for a layer of 3.0 mm, the minimum RL reaches down to −36.7 dB at ≈9.7 GHz. Interestingly, the resonance mechanism is found to be impedance matching with |Z| ≈ Z 0 = 377 Ω.
Experiments
The La 1.5 Sr 0.5 NiO 4 nanoparticle powder was synthesized using a conventional solid state reaction route combined with high-energy ball milling processes. A pertinent post-milling heat treatment was performed to reduce the surface and structural damages caused by the high-energy milling. To prepare the samples for microwave measurements, the nanoparticle powder was mixed with paraffin in 40/60 vol. percentage, respectively, and finally coated (with different coating thicknesses t = 1.0, 1.5, 2.0, 3.0, and 3.5 mm) on thin plates that are almost transparent to microwave radiation. The free-space microwave measurement method in the fre- quency range of 4 − 18 GHz was utilized using a vector network analyzer. An aluminum plate was used as reference material with 0% of attenuation or 100% of reflection. The permittivity and permeability are calculated according to analyses proposed by Nicolson and Ross [11] , and Weir [12] (hence called the NRW method). The impedance and the reflection loss are then calculated according to the transmission line theory [13] :
(1)
Results and discussion
X-ray diffraction (XRD, Fig. 1 ) data indicate that the material is single phase of a tetragonal structure (F 4 K 2 Ni-perovskite-type, I4/mmm space group) [9] ; no impurity or secondary phase could be distinguished. An average particle size of ≈50 nm was calculated using the Scherrers equation, d = K.λ/(β.cosθ) (where K is the shape factor, λ is the x-ray wavelength, β is the line broadening at half the maximum intensity, and θ is the Bragg angle). The magnetization loop, M(µ 0 H), shows very small magnetic moments with no hysteresis (Fig.  1 inset) , verifying the paramagnetic characteristic of the material at room temperature. The initial relative permeability, µ R = (µ 0 H + 4πM)/µ 0 H, calculated from the magnetization curve is of ≈1.005, which is only slightly higher than that of the air (1.00000037) [10] .
All of the high-frequency characteristic parameters of the samples are summarized in Table 1 . The |Z|( f ) and RL( f ) curves for the samples with 1.5, 2.0, 3.0 and 3.5 mm are plotted in Fig. 2 . For t = 1.0 mm (not shown), no significant absorption or distinguishable resonance could be observed. The RL value is large (> −5 dB) and has a tendency to decrease when approaching 4 GHz (from above) and 18 GHz (from under). It is possible that a resonance peak for this sample would occur at a frequency very close to (but higher than) 18 GHz, considering the variation of the resonance frequency f r on the thickness, as presented below. The RL( f ) curve for t = 1.5 mm in Fig. 2a exhibits a deep minimum of RL = −24.5 dB at f r = 14.7 GHz, which is very close to the frequency f z1 (≈ 14.0-14.3 GHz) where
The close value of f r to f z1 would suggest that the strong microwave absorption would be attributed to the resonance caused by impedance matching. However, the resonance could also be caused by a phase matching if the phases of the reflected waves from the two samples surfaces differ by π. In this case, the resonance frequency and its harmonics are given by f p = (2n + 1)c/ 4t |ε R |.|µ R | , where c is the speed of light in the incident medium and n = 0, 1, 2, ... Nevertheless, since the closest f p value (13.9 GHz, obtained for n = 1) is also quite close to f r , it is difficult to determine conclusively which mechanism is responsible for the deep negative RL at f r for this t = 1.5 mm sample. The phase-matching calculation for the t = 1 mm sample predicts f p ≈ 4 GHz for n = 0 and ≈18 GHz for n = 1; both are the lower and upper frequency limits of our measurement system.
Figs. 2b and 2c display the |Z|( f ) and RL( f ) curves for the t = 2.0 mm and 3.0 mm samples. With increasing thickness from 1.5 mm to 3.0 mm, the resonance shifts to lower frequencies while the notch in RL becomes deeper. For t = 2.0 mm, the minimum of RL appears almost at the same frequency as that of Zmatching while the phase matching frequency is a little higher, i.e., f r ≈ f z1 = 12.2 GHz and f p = 12.7 GHz for n = 1. Similar scenario is also obtained for t = 3.0 mm: f r ≃ f z1 = 9.7 GHz whereas f p = 10.9 GHz. It is quite clear that, although the shift of the resonance to lower frequencies is qualitatively in agreement with the phase matching model, there is still a considerable difference between the calculated values of f p and the measured f r that seems to even develop with increasing the samples thickness. Hence, both of the increasing deviation of f p from f r and the coincidence of f r and f z1 indicate that the resonance observed in these samples belongs to the Z-matching mechanism.
Dielectrics absorb microwave's energy and convert it to heat via the rotation of polar molecules at high frequencies and the ion-drag at low frequencies. The Z-matching resonance itself does not necessarily cause any energy dissipation of the electromagnetic wave, but favors the wave's propagation into the sample and hence promotes the absorption. The |Z|( f ) curves in Figs. 2a-c show that there are at least two frequencies ( f z1 and f z2 ) where the |Z| = Z 0 condition is satisfied. Nevertheless, a strong absorption is obtained only at f z1 while there is no observable anomaly (except for a shoulder for the t = 1.5 mm sample) in the RL( f ) curve at f z2 . This implies that, although Z-matching occurs at both f z1 and f z2 , the energy dissipation is not promoted at f z2 . According to eq. 2, perfect energy absorption, RL = −∞, occurs if Z = Z 0 = 377 Ω, i.e. |Z| = 377 Ω and the
